Abstract. This research demonstrates that the use of suitable amounts of calcium hydroxide as an additive in asphalt mixtures can improve the aggregate-bitumen adhesion, forming a bituminous mixture which is more resistant to traffic loads and the action of water. The analysis was performed using the UCL method and the Cantabrian Test, taking as a case study three types of filler with different natures, mixed with 4.5% bitumen. The results are presented as state curves, which show clear differences between the three fillers, demonstrating that the hydroxide suffers small wear losses in concentrations close to 1.3%, indicating a significant reduction in the risk of plastic deformation, and an improvement in the mixture durability and/or adhesiveness.
Introduction
Many of the defects found in roads are related to the fragility of pavements which deteriorate over time due to external conditions or the poor properties of the materials used. The purpose of this research is to develop a bituminous mixture, which is immediately applicable in top coats, improving its resistance and properties by analyzing the aggregate-bitumen adhesion.
The use of calcium hydroxide for the preparation of bituminous mixtures in Europe is uncommon compared with the U.S.A. Some countries such as the Netherlands, Austria and Germany (Kunesch et al. 2007 ) have roads with bituminous mixtures prepared with calcium hydroxide in their composition and they show good mechanical properties and successful results throughout their life cycles (Hicks et al. 2003) . However, in Spain the use of calcium hydroxide is restricted to Formula 1 circuits such as Valencia or Alcañ iz, but has not yet been used on highways, in which cement is preferred (Molenaar et al. 2010) .
In 2007 the Polytechnic University of Catalonia in partnership with the University of La Plata (Argentina) presented a series of results related to a functional method called ''Universal Caracterizació n de Ligantes'' (Universal Binder Characterization) better known as the UCL method, in which they showed that if the filler volume ratio did not exceed Cv/Cc, there would be a good aging resistance (Lee et al. 2008) .
The development of this method has led to a variation in the kinds of filler used (Miró-Recasens et al. 2005 ). An experimental study carried out by the University of Catalonia used of crumbed rubber as a filler in asphalt mixtures and the results showed that this type of filler decreases the compactness of the mixture and were responsible for producing greater losses in the Cantabrian test.
Calcium hydroxide reduces the risk of plastic deformations, thus improving the aggregate/bitumen adhesion resistance due to the water effect. However, not only will calcium hydroxide be used to perform these tests, but it will also be compared with cement and calcium carbonate, the most common materials used in highway applications (Bocci et al. 2011) .
Materials and methods

Filler characterization
The characterization tests were performed in the Airports and Roads Laboratory in the University of Cantabria, using the UCL method to study the behavior of the different fillers in the bituminous mastics. Both intrinsic and extrinsic properties of fillers in the mastic were determined.
The fillers used were as follows: Calcium hydroxide CL 90 (CaO 'MgO ]90), quarried calcium carbonate and CEM II/A-L 32.5R (Limestone Portland cement and 32.5 MPa of compression resistance) in accordance with the EN 197-1 (2000) standard.
The apparent density and specific mass was found by the toluene test, according to the standard NLT 176 (1992) . The degree of filler activity was related to its fineness from the viewpoint of binder stabilization in the filler-bitumen system. Therefore, the apparent density values of the three fillers should be in a range of values between 0.5 and 0.8 g/cm 3 , as correspond to an average activity suitable for use in asphalt mixtures. In this case, the calcium hydroxide and calcium carbonate were outside the range as they have a lower specific mass than the cement and greater fineness, which leads to their hydrophilic character. However, as they are artificial mineral fillers, these results do not cause any problem in their characterization. The specific mass of each filler was calculated according to the Argentinian standard IRAM 1542 (1992) (Páez-Dueñas et al. 2009).
Bituminous mixtures
Bituminous mixtures have an AC 16 S grain-size distribution with ophitic aggregate and a void percentage that depends on the filler used. According to the standard, the void volume for top coats must be between 4 and 6%. However, it should be noted that the manufacture of the Marshall sample for the Cantabrian test was less strict as it was compacted using 50 strikes for each face, which implies an increase of voids. 4.5% B 60/70 (60Á70 Range of penetration bitumen at 25 8C) bitumen was used for mixing, which is characterized by the properties listed in Table 1 .
The worst-case of in-situ compaction was chosen for experimentally comparing similar compacted samples.
UCL Method
The UCL method analyzes the behavior of bitumen and filler in the mixture using the attrition results obtained by the Cantabrian test, indirectly evaluating other properties such as adhesion, thermal susceptibility and aging.
When making the mixture of bitumen and filler, an increase was produced in binder power and viscosity, but not always the best possible way (Radziszewski 2007) . Many studies performed to today only take into account the size and plasticity of the filler using filler/ bitumen mass ratios, which are determined without taking into account other properties such as density, porosity or nature (Valdés et al. 2011) .
Dry and water immersion adhesion
The aim of this test is to study the resistance of the mixture to the action of water. This parameter depends on the cohesion and the wrapped to produce the bitumen on the aggregate, as the water, its properties, is able to separate the compounds and decrease the cohesion of the mixing.
The nature of the filler is one of the most important properties when carrying out any analysis of the effect produced in the bituminous mastics. The chemical activity that occurs through contact between the filler and the water is very important in the subsequent behavior of the colloidal system. Therefore, the plastic nature of fillers more related to water bitumen tends to produce poor conditions in the mix, since having an affinity for water will separate from the binder and result unwrapped phenomenon resulting in disintegration of the material, and therefore a life cycle too short of placing.
The nature of the filler is one of the most important properties in any analysis of the effect produced in the bituminous mastics. The chemical activity that occurs through contact between filler and water is very important in the subsequent behavior of colloidal system. Therefore the fillers of plastic nature more related to water comparing with the bitumen, tend to produce poor conditions in the mix, since having an affinity for water will separate from the binder and result unwrapped phenomenon that will lead to disintegrations the material, and therefore a short life cycle (Muniandy et al. 2009 ).
The material losses were calculated using the Cantabrian test, having different volume ratio and therefore different amounts of filler in each one. The increase in these losses is directly related to the nature, porosity and density of the fillers.
Effect of aging temperature
The UCL method enables the analysis of the aging and wear resistance of mixtures and disintegration, as the bitumen loses properties due to the effect of time and temperature. In this test, the samples were tested at a temperature of 163 8C during time intervals of 0, 5, 20, 40 and 72 hours with different amounts of filler, before the attrition loss test (Devecseri 2010 
Thermal susceptibility
The viscosity is an important parameter to consider in construction work, as the pavement will be located in areas with a certain variation in temperature (Chen et al. 2011) . Therefore, the Cantabrian test was carried out according to the thermal susceptibility of the mixture, using temperatures ranging from below the point of fragility of bitumen to values above its softening point ((16 and 49.9 8C respectively). The following temperatures were used: (29, (3, 10, 20, 40 and 60 8C.
Volume concentrations
The different volume concentrations of each filler were determined from the percentage of bitumen used in the aggregate. According to the technical specifications, the maximum ratio by weight of the AC16S filler-bitumen mixture must correspond to 7% (approximately 54 g), thus determining the maximum volume ratio for each filler.
Critical concentration
After obtaining the results of the specific weights of each filler, the test was performed to obtain the different critical concentrations.
To calculate the relation between the filler incorporated volume and the optimal filler volume, it is necessary to calculate the critical concentration of each one (Vikan et al. 2007 ). The critical concentration is the ratio between the actual volume of filler and its apparent volume in a bituminous mixture above which it begins to lose its viscous character IRAM 1542 (1992):
where: C c Á critical concentration; P f Á weight of the filler (gr.); V a Á apparent volume of the filler obtained from kerosene sedimentation test in 24 hours; g Á unit weight of filler (g/cm 3 ). 
Results and discussion
The manufacturing process in the laboratory was performed evenly, producing a series of three samples for each type of concentration and filler. Table 2 shows the average value, standard deviation and apparent density and void percentage variation coefficient for each of the series of the three types of filler used.
The study sample deviation of the mixture containing calcium hydroxide, to study the apparent density and voids was less than 0.86% and 8.35% respectively to the mean value obtained. However, for mixtures of cement and calcium carbonate the values were no greater than 0.94Á4.82% and 0.76Á4.23%, respectively.
Adhesiveness when dry and after water immersion
A series of three samples was made for each volume ratio, testing them using the Cantabrian test at 300 rpm and a temperature of 25 8C. Once the dry adhesiveness tests were performed to immersion in water. The three samples of each volume ratio were submerged in a water bath at a temperature of 60 8C for 24 hours. After this time, the samples were left for 24 hours at 25 8C to be tested later. Table 3 shows the results obtained in tests when dry and after water immersion tests.
The maximum value of loss is below 50% in submerged mixtures indicating that the use of calcium hydroxide as filler does not reduce the mixture's adhesiveness. Calcium hydroxide is an alkaline material and therefore combines well with the acidic bitumen and aggregate. After water immersion was showed a tendency of the adhesiveness to increase when the filler content was higher. The bitumen contains catalysts which are captured by calcium hydroxide in the oxidation process. The polar molecular generated during aging are the cause of the stiffening of the mastic, but being captured by the hydroxide are completely void.
Once the basic reaction with water was produced, excess lime did not provide any positive effect on the adhesiveness, but the excess filler occupies the voids an extreme may be formed ruts, hence the losses are highest for maximum values of filler, with no internal friction of gross particles.
In the case of cement, the higher the filler content in the dry lower losses occur. The mastic saturation value is very close to the maximum filler/bitumen ratio allowed by the Spanish Highways Agency (2007) for binder because of their behavior; the best adhesiveness is obtained with a high saturation level. The behavior of the cement after water immersion is totally contrary to the lime behavior in the produced losses. This is because, when more cement is added, it reacts positively with the water creating a suitable binder for the adhesiveness is high and both the values of losses are small relative filler/bitumen high.
The Calcium carbonate maintained the loss in a low range and the curves roughly present pending. The chemical reactions with bitumen are responsible for the good adhesiveness of the mixture. In contrast, the results after water immersion were not satisfactory, since the water adversely affects the bond between the filler and bitumen.
State curves. Effect of aging and the type of filler on thermal susceptibility
The state curves demonstrate the cohesive properties of the mixture from the analysis of the thermal susceptibility of bitumen exposed to temperatures of (29, (3, 10, 20, 40 and 60 8C over different times.
Once the test is developed state were performed the state curves which represent the losses that occur for each range of temperature and aging. It was analyzed in this way, the thermal susceptibility of aging from occurring in the bitumen and filler. Fig. 1 shows the state curves for different concentrations of calcium hydroxide as filler. The maximum temperature used was 163 8C, the same for all concentrations. At higher concentrations of calcium hydroxide the losses were below 50% to reach the ''overfilling'', in this moment the losses increase for all the temperatures to reach losses of 100% for Cv/Cc of 2.5.
The mixes with cement had different behaviour. A test was performed for concentrations of 0.25, 0.5, 0.75, 1 and 1.1. Fig. 2 shows that more content of cement and more temperature minor losses produced in the mixtures. However, when the samples were tested at low temperatures for a period of 72 hours, an increase was produced in their degradation.
The mixtures made with calcium carbonate as filler reached higher than the previous losses. There was a significant increase in losses when the temperature was lowered, while at higher temperatures and for longer times, the losses remained more or less constant. Comparing with mixtures made with calcium hydroxide was saved some relation, although the same concentration is much greater the weight of calcium carbonate than the lime. Fig. 3 shows the losses produced for Cv/Cc of 0.25 and 1 of calcium carbonate as filler. Fig. 4 shows the differences in behaviour for each filler for a Cv/Cc of 1 at different temperatures during a period of 40 hours using the same bitumen.
At high temperatures, the calcium hydroxide shows better behavior than the cement and calcium carbonate, but the losses tend to increase when it exceeds 160 8C, at which time the mastic begins to stiffen and therefore causes a greater loss of material. 5 shows the influence of the volumetric ratio for each temperature, taking into account the losses produced by the Cantabrian test. For a temperature of (3 8C the optimal value was for Cv/Cc of 1.5 leading to increased losses afterwards due to the ''overfilling''.
For a temperature of 163 8C, the values of losses reached are also given for the case of 1.5, rising to losses of 100% for concentrations of 2.5. Fig. 6 shows an analysis of the time that was necessary to obtain the same losses as if they were tested without filler and temperature influence. From the maximum values obtained in each curve, the volume concentration responsible for a greater resistance to aging can be determined.
Conclusions
The study carried out on the behavior of asphalt mixtures with different content of filler was performed from the Universal Method of Binder Characterization (UCL). Through this investigation have been conducted different tests that allowed analyzing the adhesiveness, attrition and aging under the influence of different factors. This is simplified tests in which Marshall samples are tested at Cantabrian test producing mass loss which can obtain indirectly the parameters of interest for this research.
The behavior of calcium hydroxide as filler for mixtures of 16S AC type is affected by temperature and time. The best values of thermal susceptibility and aging are given for Cv/Cc close to 1 and 1.5, as the losses are less than 50%. For higher Cv/Cc concentrations, the losses increase, which indicates that ''overfilling'' of the mastic is produced, which can be harmful as it begins to cause stiffening of the bituminous mastic.
However, if the adhesiveness parameter is analyzed for roads located in dry places, calcium hydroxide may be applicable, but in other places with a level of moisture and rainfall, another type of testing would be required as water sensitivity as to provide greater security for your application.
Otherwise, analyzing the different fillers versus time and temperature, with a concentration very close to each one of them, calcium hydroxide is more Fig. 6 . Determination of the optimal filler content, analyzing the time to obtain 45% losses durable than compared to higher temperatures, which indicates that if used in a suitable proportion may be very profitable when using it at work.
